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standing and application of mineralogy by 
industry, universities, government, and the 
public. Membership benefi ts include special 
subscription rates for American Mineralogist 
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Kipling’s poem is a powerful reminder that iron, 
the subject of this issue of Elements, is a raw mate-
rial as essential to industry today as it was three 
hundred years ago. In 1709, Abraham Darby initi-
ated the industrial revolution by being the fi rst 
to use coke in iron smelting, which 
he accomplished at his ironworks 
on the banks of the River Severn in 
Shropshire, England. Iron accounts 
for over 90 percent of all metals 
consumed annually and, over 
recent decades, there has been a 
dramatic increase in the total 
amount of iron annually extracted 
from the Earth. In just the fi fteen 
years between 1994 and 2009, 
global iron production grew from 
1000 million to over 2200 million 
metric tons. Iron is one of the six 
most abundant metals in the 
Earth’s crust, so there is no danger 
of running out of minable deposits 
of iron. However, most of the iron 
produced for modern industry is 
only useful when alloyed with one 
or more of a number of other metals that act to 
increase its strength, machinability or corrosion 
resistance, or provide it with special properties, 
such as those associated with magnetism.
Whereas iron is still, as Kipling implies, the ‘back-
bone of industry’, it is ironic that geochemically 
scarce metals, such as chromium, titanium, 
cobalt, nickel, and tungsten, are essential for 
using that iron. Furthermore, in addition to 
metals for alloying with iron, a growing number 
of scarce and rare metals are essential raw mate-
rials for modern technologies. Examples include 
lithium for batteries, germanium and indium for 
computers, and tantalum for mobile phones. It is 
becoming apparent that shortages may soon arise 
in the supplies of certain of these metals; indeed, 
they are acquiring the kind of strategic impor-
tance previously only associated with reserves of 
oil and gas. The rare earth elements (REE) are a 
good example: they are used in small amounts in 
everything from high-powered magnets to bat-
teries and electronic circuits. The need for these 
metals is rapidly growing because of their roles 
in clean-energy technologies (lanthanum for 
hybrid car batteries, neodymium for permanent 
magnets in wind turbines, and europium for 
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energy-effi cient lighting). At present, China con-
trols 97% of global REE production. In October 
2010, China cut its exports of REE by more than 
70% over the previous year, disrupting manufac-
turing in the USA, Europe and Japan and forcing 
price rises of 40% or more. According to experts, 
these cuts were related more to the needs of the 
Chinese to satisfy their own growing internal 
market than to an attempt to profi t from their 
near monopoly. Such developments raise the 
spectre of future international economic or even 
military confl icts arising over the supplies of rare 
metals.
The role of geoscientists in addressing the issues 
concerned with the supplies of strategic metals 
will be obvious to the readers of Elements maga-
zine. Our community has been involved since the 
beginning in the application of science to mineral 
exploration, mining, mineral processing and met-
allurgy. These contributions are more important 
than ever, and are now complemented by the 
efforts we make towards the 
‘responsible’ exploitation and uti-
lization of Earth resources. In the 
cycle of mining, ore processing, 
metal utilization, and either recy-
cling or safe disposal of the end 
products (and especially also of the 
wastes associated with mining), 
geoscientists need to play a central 
role in ensuring that we do not 
cause irrevocable damage to our 
environment. With a world popu-
lation now approaching seven bil-
lion people, and predicted to grow 
to around nine billion by 2050, 
demand for metals is bound to fur-
ther increase. Any return to ‘sim-
pler’ ways of living that would not 
require such resources is unreal-
istic. Without mechanized food production and 
distribution, for example, there would be mass 
starvation around the globe.
This is my last editorial as a principal editor of 
Elements magazine, and thinking back over my 
previous editorials I recognize one central theme. 
It is that the community of Earth scientists, par-
ticularly those whose interests are focused on 
mineralogy–petrology–geochemistry, should be 
‘centre stage’ in addressing many of the most 
pressing concerns that threaten the health and 
even the survival of future generations. These 
problems include the safe containment or clean-
up of hazardous wastes (especially nuclear waste); 
pollution of the atmosphere impacting on human 
health; climate change, whether of human or 
other origins; and, in the context of the present 
article, secure supplies of many raw materials, 
including ‘rare’ metals. In the debates about how 
best to tackle these concerns, we need to be sure 
that our arguments are based on rigorous and 
objective science and, above all, that our voices 
are heard.
David J. Vaughan
David.Vaughan@manchester.ac.uk
David J. Vaughan
Gold is for the mistress
Silver for the maid
Copper for the 
craftsman, cunning 
at his trade
‘Good’ said the Baron, 
sitting in his hall, 
But iron, cold iron, is 
master of them all
—Rudyard Kipling 
(1835–1936)
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THIS ISSUE
Iron is one of the most abundant elements in the Earth’s crust, an ele-
ment essential to many forms of life, and a material civilizations have 
used for thousands of years to fashion tools and arms. In assembling 
this issue, Guest Editors Kevin Taylor and Kurt Konhauser have focused 
on the role of iron in Earth surface environments, past and present, 
and particularly on how iron minerals in sediments can be used as 
proxies for the composition of ancient oceans. Indeed, for an abundant 
element that at fi rst glance seems mundane, iron has enormous poten-
tial as a tracer of Earth evolution.
BREAKING NEWS
On March 11, a horrifi ed world watched the images of devastation fol-
lowing the earthquake and tsunami that struck the northeast coast of 
Japan. Since then, we have all admired the resilience and courage of 
the Japanese people amid the destruction. We continue to watch daily 
the events unfolding at the Fukushima nuclear power station in the 
aftermath of the tsunami.
As the focus in Japan moved towards the multi-tiered crises at the 
nuclear power reactors, we recognized that there was a dearth of acces-
sible information available particularly concerning the spent fuel in 
the cooling ponds. Elements has helped to fi ll this void. The Nuclear 
Fuel Cycle issue we published in 2006 (volume 2, number 6) was made 
freely available through our website (www.elementsmagazine.org) and 
on GeoScienceWorld (www.elements.geoscienceworld.org). Announce-
ments were made to our members, who forwarded the information far 
and wide: to press and media outlets, to our sister organizations, and 
to policy makers. 
As a follow-up to the events in Japan, our inaugural “Breaking News” 
article, by Rod Ewing, who was guest editor of the Nuclear Fuel Cycle 
issue, covers the situation at Fukushima as of late March (see pages 77 
and 78 of this issue).
To our Japanese colleagues, we at Elements extend our heartfelt thoughts 
in this time of crisis.
THANKS DAVID 
David Vaughan has been a big supporter of Elements, starting from the 
moment he heard about the magazine concept from Rod Ewing. In the 
very early days of Elements, while David was on the Advisory Board, 
he volunteered to organize an issue on arsenic, for which he was guest 
editor (volume 2, number 2). The Arsenic issue is our second most 
heavily cited number and is a popular teaching tool in environmental 
science. His introductory article for that issue is a perfect example of 
what we hope all lead articles for Elements will be like. When invited 
to join the editorial team, he did not hesitate. He has now completed 
his term as principal editor, and we thank him for his enthusiasm and 
judgment on behalf of Elements. During his term, he was in charge of 
the following issues: Nanogeoscience, Gems, Mineral Magnetism, 
Mineral Evolution, Atmospheric Particles, and Iron in Earth Surface 
Systems. In his editorials, he has encouraged the Earth science com-
munity to be center stage in the ongoing debates in several issues the 
world is currently facing. 
Pierrette Tremblay
Managing Editor
LIFE IN UREY’S LAB
Congratulations on one of the most informative, interesting, and ger-
mane issues of Elements (Cosmochemistry; volume 7, number 1): it 
invoked a lot of memories. In the early 1960s I worked for Harold Urey 
in La Jolla at Scripps Institute right after he moved to California from 
Chicago. I was a lab assistant (actually a lab rat) for several years 
between 1959 and 1969 as I worked my way through high school and 
then college, fi rst as a chemist and later as a programmer. Urey’s work 
on meteorites and terrestrial rocks made his lab seem like the sphere 
of a Van de Graaff generator. I went to most of the seminars he and 
his colleagues presented and to several parties given for and by him; 
it was the most exciting time of my life. I experienced many ways to 
do science and learned a great deal. Urey was involved in designing 
and building from scratch a mass spectrometer (that machine ended 
up at the U. of Minnesota), which was used for several years. This 
instrument and the neutron activation analysis technique were used 
to measure the ratios of various isotopes. It was the NAA that got me 
interested in learning about computers since I did most of the calcula-
tions manually on a “Monroe-matic” (a beast with more moving parts 
than you could shake a stick at), and it took forever. Scripps had taken 
delivery of a CDC-1604, and when I walked into the computer room 
(security was of no concern back then), with all its blue glass and 
aluminum, it was love at fi rst sight. I asked the operator how I could 
use this amazing machine, and he gave me three manuals, pointed to 
a key punch, explained how to load my cards into the reader, and said, 
“Good luck”; I had to teach myself FORTRAN. That was in 1964. I just 
retired last month from my career as a computer programmer, but I 
have kept my interest in all the other fi elds that were useful back in 
the days with Urey. As a member of the Geochemical Society (which 
is how I get Elements), your magazine has helped me inexpensively 
keep abreast of new ideas on the origin of the Solar System. Thanks for 
a great  publication!
Richard A. J. Cox
Saratoga, CA, USA
OXIDE MINERALS AND THE COSMOS
May I thank you and your authors for the excellent edition of Elements 
on Cosmochemistry. I have been reviewing the main oxide minerals 
(for Deer, Howie and Zussman, volume 5a, to be published shortly) and 
I found the developments in extraterrestrial mineralogy to be among 
the most interesting new facets of oxide mineralogy. Periclase, 
corundum, rutile, perovskite, hematite, ilmenite, armalcolite (of course), 
spinel, magnetite, maghemite, ulvöspinel and chromite have all been 
recorded from beyond the Earth, and isotopic studies of these minerals 
have provided evidence about presolar history, the age of the Solar 
System, and the development of the planets and asteroids. This is 
a remarkable achievement, the ultimate in “distance learning.” I have 
read your articles from beginning to end with great interest and look 
forward to reading them again. It is important to inform mineralogists 
of the way in which mineralogy is applied in other disciplines. Your 
issue of Elements provides a concise description of the place of miner-
alogy in cosmochemistry and will serve as an introductory text for 
students and researchers alike. 
Dr John F. W. Bowles 
The University of Manchester, UK
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FROM THE EDITORS LETTERS TO THE EDITORS
BEYOND TRIAGE AT THE FUKUSHIMA 
DAI-ICHI NUCLEAR POWER STATION
On Friday afternoon, March 
11, Fukushima prefecture in 
Japan was shaken by a magni-
tude 9.0 earthquake whose 
hypocenter was 24 km deep 
and about 160 km to the 
northeast, offshore Honshu 
Island. At the Fukushima Dai-
ichi nuclear power station, the 
earthquake caused three of the 
six nuclear reactors to 
“SCRAM” (Safety Control Rod 
Axe Man: a process of inserting control rods to absorb neutrons and 
shut down the nuclear chain reaction). Three of the reactors were 
already in shutdown mode for inspection and maintenance. The design 
basis for the six nuclear power plants was for an earthquake of magni-
tude 8.2. The earthquake caused the operating plants to enter a standard 
shutdown cooling mode in order to remove the heat generated by the 
radioactive decay of fi ssion product elements. This residual heat is only 
3 to 6 percent of the heat generated while the fuel is in the reactor, but 
the rate of energy release is still on the scale of several million watts 
per ton of fuel. This heat must be removed in order to prevent the 
nuclear fuel, mainly UO2, and supporting structural elements from 
melting in the core of the reactor. The melting point of UO2 is approxi-
mately 2900 °C. 
Within an hour, however, a tsunami, variously reported as between 8 
and 14 meters high, hit the six nuclear power plants at Fukushima 
Dai-ichi. The design basis for a tsunami hitting the plants was reported 
to be 5.7 meters. The tsunami cut off electricity from the backup diesel 
generators that powered the water pumps used to maintain water cir-
culation around the cores of the reactors; the failure of the generators 
was probably due to a loss of fuel. Backup battery power was used to 
operate the pumps, but this source lasted only about eight hours and 
then went dead, creating a complete station blackout. During the next 
ten days, the world followed the heroic efforts of plant operators, fi re 
fi ghters, and the Self-Defense Forces to deal with an escalating series 
of potentially catastrophic events resulting from power loss: melting 
cores in three of the reactors; probably three hydrogen explosions; and 
the loss of water from the pools in which spent or used fuel is stored, 
which could lead to rising temperatures and ultimately ignition of the 
zirconium metal alloy that clads the fuel elements (this is an exothermic 
reaction and is written as Zr + 2H2O → ZrO2 + 2H2). In an extraordinary 
effort to cool both the reactor cores and the used fuel in the pools, 
seawater was pumped into the reactor cores and the used-fuel storage 
pools. Fluctuating levels of radiation, as well as smoke and fi res, ham-
pered the effort to stabilize the conditions of the reactors and storage 
pools. The Japanese government evacuated hundreds of thousands of 
people within a 20 km radius. All of these events took place against a 
backdrop of devastation and death that will probably claim the lives 
of several tens of thousands of Japanese. 
As I write today, the situation remains serious. The sequence of events 
at the Fukushima Dai-ichi power plant, up to March 30, are beautifully 
illustrated on the accompanying fi gure provided by Rama Hoetzlein. 
The situation for the nuclear power plants and fuel storage pools has 
been stabilized by the initial triage, but it will take many weeks of 
intensive care before the release of radioactivity to the environment is 
stopped. After this period, the authorities will have to reconstruct the 
sequence of events, estimate the damage, evaluate the environmental 
impact, and develop strategies for remediation. This last step does not 
have the nerve-jangling attraction of a possible meltdown or explosion 
at a nuclear power plant, but over the long term the environmental 
impact of the destroyed nuclear reactors may be just as serious. Each 
reactor core contains approximately 100 metric tons (tonnes) of fuel 
(mostly UO2). The fuel from reactor #4 had recently been moved to a 
spent-fuel pool. Thus, there are approximately 500 tonnes of nuclear 
fuel in the reactors (three of which have at least a partially melted core 
due to the loss of coolant and resulting high temperatures). Each reactor 
has its own spent- or used-fuel storage pool, with estimates ranging 
from 50 to 150 tonnes of used fuel per pool; thus, there are an estimated 
600 tonnes of used fuel in these storage pools. A separate shared pool 
contains approximately 1000 tonnes of fuel. Importantly, most of the 
nuclear fuel is located in storage pools, not in the reactors. In addition, 
70 tonnes of nuclear materials are in dry storage on site. In total, there 
are some 1700 tonnes of nuclear fuel at Fukushima Dai-ichi—a site of 
“inadvertent, near-surface geologic disposal.” 
The state of the fuel is not known, but with the mechanical and thermal 
shocks to the spent-fuel pools, one expects that much of the metal 
cladding (less than a millimeter thick) has failed. For average burnups 
of 40–50 megawatt-days/kilogram of uranium, a measure of the amount 
of energy extracted from the uranium fuel, one can roughly estimate 
that about 3% of the uranium has been fi ssioned and 1% has been 
converted to transuranium elements—mostly plutonium, with lesser 
amounts of neptunium, americium, and curium—formed by neutron 
capture and decay reactions. Much has been said about the mixed oxide 
fuel (MOX) in reactor #3, but only about 5% of the fuel assemblies in 
the reactor were MOX fuel elements. The MOX fuel is reported to have 
contained ~6% plutonium as a mixture of plutonium and uranium 
oxide. In total, the site has approximately 15 tonnes of plutonium that 
is in the nuclear fuel, mostly 239Pu with a half-life of 24,100 years. The 
very strong radiation fi eld, mainly gamma and beta radiation, and the 
source of most of the thermal energy, comes from short-lived radionu-
clides, such as 137Cs and 90Sr, which have half-lives of about 30 years.
The most important environmental decision to be made at the site will 
be whether to try to remove all the fuel for safe storage and disposal, 
such as was done with the fuel after the melting of the core at Three 
Mile Island in 1979, or whether to simply seal the reactors in a concrete 
sarcophagus, as was done at Chernobyl. It may well be that much of 
the fuel can be removed, particularly from the least affected storage 
pools, but some may fi nally remain on site. This decision will have to 
be guided by a thorough understanding of the “mineralogy” of the 
fuel and the geochemistry of the fi ssion product elements, particularly 
135Cs and 129I, both of which have very long half-lives, and the actinides, 
mainly plutonium, in this near-surface environment. 
Natural events—an earthquake and a tsunami—caused this devastating 
nuclear accident, and natural geochemical and hydrological processes 
will determine its environmental impact.
The reader should note that much of this information has been pieced 
together from a variety of sources, including newspaper reports. The 
numbers I quote are only rough estimates and are given so that readers 
can appreciate the scale of the accident. An exact understanding of 
what happened at the Fukushima Dai-ichi nuclear power station will 
be developed over the next year.
Rodney C. Ewing
Visiting Professor at the Center for International Security 
and Cooperation, Stanford University
Suggested Readings
Bruno J, Ewing RC (2006) Spent nuclear fuel. Elements 2: 343-349 (http://ele-
ments.geoscienceworld.org/cgi/content/full/2/6/343)
Hedin A (1997) Spent Nuclear Fuel – How Dangerous Is It? SKB Technical Report 
97-13, Swedish Nuclear Fuel and Waste Management Co., 60 pp (www.skb.se/
upload/publications/pdf/TR97-13webb.pdf)
Rod Ewing
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TRIPLE POINT
A thorough knowledge of a given natural process often requires a 
detailed understanding of a suite of mechanisms operating across 
length scales spanning many orders of magnitude. An example of this 
phenomenon involves the single seismic event: (1) stress failure is trig-
gered at the micro-scale, (2) mechanical rupture occurs along a fault 
plane at the kilometre scale, and (3) energy is dissipated at the global 
scale. For crystallographers and mineralogists, this “scaling factor” chal-
lenge manifests itself most acutely at the shortest length scale. Key 
grain boundary and mineral reaction mechanisms operate at atomic 
to nanometre scales, and this fact drives the need for analytical tech-
niques with ever improving spatial resolutions. Compared to a few 
decades ago, the array of analytical technologies now available is 
impressive: µ-XRF (spatial resolution around 100 µm), laser ablation 
ICP–MS (100 to 10 µm), SIMS (20 µm to 100 nm), electron probe and 
SEM quantifi cation (1 µm to 100 nm), Auger Microprobe (10 nm), and 
TEM (down to 1 nm or better). Each of these techniques has its advan-
tages and drawbacks. Nonetheless, detailed characterisation of geo-
materials is now technically possible at length scales spanning the 
nanometre to hand specimen range and beyond. The only technology 
lacking is the ability to evaluate the position and identity of single 
atoms.
Here I present the 3-dimensional atom probe, an emerging technology 
that may fi ll the one remaining gap in our analytical capabilities. Also 
known as the tomographic atom probe, this high-tech method involves 
the “evaporation” of individual atoms from the end of an extremely 
sharp tip made of the material being investigated. A sharp tip with a 
diameter on the order of <100 nanometres is essential as this provides 
the extremely high fi eld gradients (on the order of 1010 V/m) needed 
for fi eld emission to occur. Projecting the emitted atoms, whether from 
a desorbed imaging gas or from the sample itself, in combination with 
a 106 magnifi cation between the sample and the imaging detector, 
allows atomic-scale resolution using a phosphorus screen and a simple 
hand lens.
Atom probe tomography (APT) had its roots six decades ago when Erwin 
Müller (1951), then at the Kaiser-Wilhelm-Institute in Berlin, described 
his theory of the fi eld ion microscope. His device relied on the emission 
of adsorbed hydrogen molecules, which were subsequently desorbed 
from the sample tip; these protons were then accelerated onto a phos-
phorus screen, thereby producing a very weak optical signal that could 
be observed in the completely darkened laboratory. The device gave 
information only about the crystallographic structure of the material 
under investigation, and Müller estimated the spatial resolution of his 
method to be around 2 or 3 nm, which was certainly impressive for its 
time. That same year, Müller moved to take up a faculty position at 
Pennsylvania State College (now University) where he established a 
research group working on fi eld ion and fi eld electron microscopy.
The next breakthrough came in October 1955 when Kanwar Bahadur, 
a PhD student in Müller’s group, accomplished the fi rst demonstration 
of lattice-scale resolution using a cooled tip in conjunction with helium 
imaging gas. Two similar experiments had previously been carried out 
by the group with limited success. It was thanks largely to the tenacity 
of Bahadur that success was achieved after he devised minor modifi ca-
tions to both the apparatus and the all-critical tip-preparation proce-
dure (FIG. 1). These busy days in the Penn State lab are described in 
detail by Melmed (1996) and Kumar (2005). Müller went on to rapidly 
publish a number of single-author articles related to this achievement, 
while Bahadur obtained his doctorate in 1956 before returning to his 
former institute in New Delhi.
Until the mid-1960s the fi eld ion microscope was limited to atomic-scale 
structural studies. Adsorbed ions from a low-pressure imaging gas were 
introduced into the sample chamber; these ions were subsequently 
evaporated and ionized through the fi eld emission mechanism. 
Frequently the sample atoms were not even involved in the actual 
imaging and, except in the case of pure substances, there was no way 
of knowing which elements were present. This changed when Müller 
et al. (1968) coupled a fi eld ion microscope to a time-of-fl ight (ToF) 
mass spectrometer, creating the fi rst true atom probe capable of iden-
tifying specifi c elements in the sample material. A key obstacle that 
had to be overcome was the requirement of ToF mass spectrometry to 
know with high certainty when a given ion was ejected from the 
sample, the event against which an ion’s fl ight time would be measured. 
This challenge was solved by pulsing the voltage applied to the sample 
tip, increasing the electric potential from some base-level voltage to 
above the threshold at which fi eld emission can occur. In order to 
prevent the undesired continuous emission of ions, the voltage then 
had to be rapidly dropped back below the emission threshold, this 
entire sequence lasting perhaps 3 ns. By recording the sequence of 
atomic compositions originating from each single locale, it was possible 
to build a 3-dimensional map of the sample. Despite the limited fi eld 
of view of <2 nm provided by this apparatus, it still can be seen as the 
fi rst true APT instrument capable of determining both the structure 
and chemistry of a sample material, albeit limited to assessing only 
around 50,000 atoms (Miller and Forbes 2009).
Major limitations, however, still hampered the technology. The require-
ment that the voltage on the specimen tip be rapidly pulsed limited 
analyses to electrical conductors: semiconductors and insulators 
remained off limits. This situation changed in the 1970s (see review 
by Kelly and Miller 2007) with the realisation that short-duration laser 
pulses, focused on the sample tip, could be used to excite sample atoms 
to above the energy threshold at which fi eld emission ionization occurs. 
Tsong (1978) reported photon-stimulated fi eld ionization from a metal 
tip. Kellogg and Tsong (1980) were the fi rst to successfully couple a ToF 
system to a pulsed-laser evaporation source. This new system had two 
major advantages over earlier pulsed-voltage fi eld evaporation tech-
niques. First, it brought the analysis of semiconductors into the realm 
of the possible. Second, it largely eliminated the broad energy distribu-
tions inherent to the emission of ions during either the voltage-pulse 
rise or drop that degrades the ToF spectrum. In hindsight, the major 
advance of photo-assisted fi eld emission did not initially have many 
followers: lasers were expensive and diffi cult to align, and the thermal 
pulse was too protracted to give really precise start times for the emis-
sion process. In the early 2000s, more robust laser systems were devel-
oped. Also, the development of ultrafast lasers greatly improved the 
time resolution of the affi liated ToF spectrometer because the duration 
of thermally coupled emission could be reduced to below a few tens of 
picoseconds.
Another drawback of APT technology was the many problems associ-
ated with specimen preparation. Electropolishing had long been a pre-
ferred option, but it was not site specifi c and it generally required a 
FIGURE 1 Historical photograph of Kanwar Bahadur at the controls 
of the original 1955 fi eld ion microscope (from Kumar 
2005, with permission from Current Science)
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SEEING SINGLE ATOMS – 
THE LAST FRONTIER
wire-like geometry for the starting material (see also Kelly and Miller 
2007); also, the taper angle and diameter of the tip were diffi cult to 
control. In the 1980s, new ion-based methods of sample preparation 
were devised, and focused ion beam (FIB) technology was developed. 
The FIB technique has now become a must-have tool for many TEM 
applications, as the area to be investigated can be precisely selected 
and the geometry of the fi nal specimen – whether a foil or a tip – can 
be controlled with nanometre precision. The fi rst application of FIB 
sample preparation to APT technology was reported by Waugh et al. 
(1984), which opened up an entirely new world of possibilities for 
materials studies.
At the turn of the 21st century, the most common complaint of the 
atom probe user community was probably the slow data-collection rate: 
repetition rates were only on the order of 10 kHz, leading to the prac-
tical limit that a given experiment could only observe perhaps 106 ions. 
After correcting for ion-detection effi ciency, this would translate into 
an available volume for a single analysis of only around 104 nm3. This 
tiny sample size excluded many applications for which APT was oth-
erwise well suited. This began to change with the advent of “local 
electrode” technology whereby the specimen tip is positioned in front 
of a funnel-shaped extraction electrode with an aperture diameter of 
only a few tens of microns (FIG. 2). By placing the local electrode close 
to the sample – again we are speaking of a few tens of microns – much 
higher electric fi eld gradients are achieved relative to “traditional” ion 
optic geometries operating at the same absolute potential. This yields 
a number of advantages when operating in pulsed-voltage mode, 
including better mass resolution for the ToF spectrometer and repetition 
rates well beyond 100 kHz (see Kelly et al. 1996). Other advantages of 
using a local electrode are that (1) the fi eld of view of the system can 
exceed 100 nm, (2) it is possible to employ a planar microtip sample 
geometry and (3) one can load many sample tips on a single specimen 
holder as only the single tip in close proximity to the local electrode 
will undergo the fi eld emission process. Thanks to this new ion optical 
design, experiments involving over 108 atoms and volumes in excess 
of 106 nm3 became realistic (FIG. 3).
What challenges remain? Obviously it would be valuable to couple the 
local-electrode geometry with the pulsed-laser evaporation technique, 
thereby making state-of-the-art ion optics applicable to poorly con-
ducting specimens. Exactly such studies have recently been reported. 
Bachhav et al. (2011) used a 350 fs pulse-width laser operating at 100 
kHz (FIG. 4) to analyse iron oxide grains glued to tungsten supports, 
which were then subjected to ion milling. Using this approach, these 
authors were able to quantify the Fe/O ratio in non-conducting wüstite 
at atomic-scale resolution. Equally interesting is a report by Gordon 
and Joester (2011), who used laser-assisted APT to investigate the nano-
scale properties of organic fi bres buried within the tooth of the marine 
mollusc Chaetopleura apiculata. Their data reveal a previously undocu-
mented level of hierarchy within this organic scaffold.
APT sample preparation remains rather tedious, requiring expensive 
technology. For electrically non-conducting samples, many analytical 
parameters still need to be optimized. Nonetheless, atomic-scale map-
ping of non-conductors is nearly within our grasp. So how long will it 
be before this highest of high-tech methods will be taken up in the 
Earth sciences? I suspect that it is only a matter of time … and money.
Michael Wiedenbeck 
Helmholtz-Zentrum Potsdam
michawi@gfz-potsdam.de
FIGURE 4 Cameca’s laser-assisted atom probe, like the one used by Bachhav et al. 
(2011) to investigate wüstite. This particular instrument design has 
recently gone out of production, having been superseded by the “LEAP 4000X” 
model. IMAGE COURTESY OF CAMECA
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